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Soft adhesive pads are needed for many robotics applications, and one approach is based on
electroadhesion. Here we present a general analytic model and numerical results for electroadhesion
for soft solids with arbitrary time-dependent applied voltage, and arbitrary dielectric response of the
solids, and including surface roughness. We consider the simplest coplanar-plate-capacitor model
with a periodic array of conducting strips located close to the surface of the adhesive pad, and discuss
the optimum geometrical arrangement to obtain the maximal electroadhesion force. For surfaces
with roughness the (non-contact) gap between the solids will strongly influence the electroadhesion,
and we show how the electroadhesion force can be calculated using a contact mechanics theory for
elastic solids. The theory and models we present can be used to optimize the design of adhesive
pads for robotics application.
1 Introduction
The Danish engineers Alfred Johnsen and Knud Rah-
bek discovered a century ago that an attractive force
occurs between two contacting materials when there is
an electrical potential difference between them [1]. The
term “electroadhesion” was coined to denote this elec-
trostatic attraction [1, 2]. The electrical attraction be-
tween a charged surface and a human finger was discov-
ered by Johnsen and Rahbek. In 1953 Mallinckrodt et
al.[3] applied an alternating voltage to insulated metal
electrodes and observed an alternating electrostatic force
that periodically attract and release the finger from the
surface; this is now denoted electrovibration [4–7], and
forms the basis for electroadhesion based haptic devices
such as touchscreens and tactile displays. For these ap-
plications, tactile sensations are produced by the appli-
cation of a voltage to the conductive layer of an insulated
haptic device such as a touchscreen, inducing electroad-
hesive forces between the device and the approached user
finger. If the applied electric voltage is modulated in time
the friction force acting on the finger will generate sen-
sorial experiences [4–7].
The Johnsen-Rahbek effect is due to the electrostatic
attraction between the polarization charges on two solids
resulting from an applied electric potential, see Fig. 1(a).
A related application is electrostatic chucks [8, 9], which
have been utilized for various material handling tasks,
such as wafer pick-up and place tasks [8]. In this case an
electric potential difference occurs between two metallic
electrodes attached to the same object as in Fig. 1(b).
Electrostatic chucks are typically made from elastically
stiff materials with very flat and smooth surfaces, which
are useful for moving object with flat and very smooth
surfaces like silicone wafers. However, in robotic appli-
cations the solid objects to be manipulated often have
complex shapes [10, 11] and large surface roughness. In
these cases the adhesive pad must be built from an elas-
tically soft material in order to increase the contact area
and hence the friction force.
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FIG. 1: An attractive electrostatic force can occur between
two solid objects if (a) an electric potential difference occurs
between the bodies, or if (b) an electric field occurs outside
of one of the bodies due to an electric potential difference
between two conductive regions inside the body.
Modeling of electroadhesive forces has been based on
the parallel-plate-capacitor structure [12–15] when an
electroadhesion pad is contacting a conductive or semi-
conductive substrate material, and the coplanar-plate-
capacitor structure [16–18] when an electroadhesion pad
is contacting an insulating substrate material.
In this paper we consider the simplest electroadhesion
structure shown in Fig. 2, where the electroadhesion pad
is made of a periodic array of coplanar electrodes embed-
ded in a soft dielectric. By applying different electrical
potentials to the two electrodes, an electric field is gen-
erated which extends outside of the pad, polarizing the
dielectric substrate and thus inducing an electroadhesive
force between the two solids [19, 20]. This normal force
moves the soft electroadhesion pad closer to the substrate
by squeezing the air gap and elastomeric coating of the
pad. This will increase the sliding friction force, which
is important when using the electroadhesion pad in the
tangential direction.
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FIG. 2: Cross-sectional view of an ectroadhesion set-up with
conducting strips located in the surface region of the adhe-
sive pad, a distance d above the surface. By applying differ-
ent electric potential to different conducting strips, an electric
field is generated and extends outside the adhesive pad and
can polarize the substrate and induce an attractive force be-
tween the two solids [see Fig. 1(a)]. The substrate has the
dielectric function ǫ1 and the electric resistivity ρ and the ad-
hesion pad dielectric is a perfect insulator with the dielectric
function ǫ2. We first assume that there is a uniform air gap
of width u between the solids.
In this study we assume that the temperature and hu-
midity are constant, and ignore the influence of contami-
nates, the Van der Waals force, and other attractive force
fields which may act between the two solids.
2 Theory
We first calculate the electroadhesion force when the
surface separation u is constant (see Fig. 2). Next we in-
clude surface roughness (see Fig. 3) and present a mean-
field theory of electroadhesion.
2.1 Electroadhesion with a constant air-gap
The electroadhesive force can be derived by the
Maxwell stress tensor method[13–18, 21]. We calculate
the electroadhesive force between the two solids when the
surfaces are separated by a distance u (see Fig. 2). We
write the electric field as E = −∇φ so that the electric po-
tential φ satisfies ∇2φ = 0 everywhere except for z = 0 and
z = u. Neglecting the effects of magnetism, we obtain the
electrostatic Maxwell stress tensor, in component form,
as:
σij = ǫ0 (EiEj − 1
2
E2δij) ,
where ǫ0 ≈ 8.85 × 10−12 F/m is the electric constant and
δij is the Kronecker delta. Here we are interested in the
zz-component:
σzz = ǫ0
2
(E2z −E2∥) , (1)
where E∥ = (Ex,Ey ,0) is the parallel electric field. We
write the electric potential as:
φ(x, t) = ∫ d2q φ(q, t)eiq⋅x,
φ(q, t) = 1(2π)2 ∫ d
2x φ(x, t)e−iq⋅x.
Similarly we write:
φ(x, t) = ∫ d2qdω φ(q, ω)ei(q⋅x−ωt).
To simplify the notation, in some of the equations be-
low we will not write out the time (or ω) dependency
explicitly. In the space between the surfaces the electric
potential:
φ = ∫ d2q [φ1(q)e−qz + φ2(q)eqz] eiq⋅x,
where q = (qx, qy) and x = (x, y) are 2D vectors. Thus
for z = 0:
Ez = ∫ d2q q [φ1(q) − φ2(q)] eiq⋅x, (2)
and
E∥ = ∫ d2q(−iq) [φ1(q) + φ2(q)] eiq⋅x. (3)
Using (1), (2) and (3), we have:
∫ d2x σzz = 8π2ǫ0Re∫ d2q q2φ1(q)φ∗2(q). (4)
We now calculate φ1(q) and φ2(q). The electric po-
tential for z = u+d is denoted with V (x, t) and we define
V (q, t) = 1(2π)2 ∫ d2x V (x, t)e−iq⋅x,
V (q, ω) = 1(2π)3 ∫ d2xdt V (x, t)e−i(q⋅x−ωt).
We write the electric potential φ(q, z, ω) as:
φ = φ0eqz for z < 0,
φ = φ1e−qz + φ2eqz for 0 < z < u,
φ = φ3e−q(z−u−d) + φ4eq(z−u−d) for u < z < u + d
Since φmust be continuous for z = 0, z = u and z = u+d
we get:
φ1 + φ2 = φ0, (5)
φ1e
−qu + φ2equ = φ3eqd + φ4e−qd, (6)
φ3 + φ4 = V (q, ω). (7)
Let ǫ1 and ǫ2 be the dielectric permittivity of the lower
and upper solid in Fig. 2, respectively. In our application
the space between the bodies is filled with air with the
dielectric permittivity of ǫ ≈ 1. From the boundary con-
ditions ǫ1Ez(−0+) = Ez(0+) and Ez(u−0+) = ǫ2Ez(u+0+)
we get:
−φ1 + φ2 = ǫ1φ0, (8)
−φ1e−qu + φ2equ = ǫ2 (−φ3eqd + φ4e−qd) . (9)
Using (5)-(9) we get
φ1(q, ω) = 21 − ǫ1
1 + ǫ1 ⋅
V (q, ω)
S(q,ω) , (10)
φ2(q, ω) = 2V (q, ω)
S(q,ω) , (11)
where
S(q,ω) = (eqd + e−qd) (equ + 1 − ǫ1
1 + ǫ1
e−qu)+
+
1
ǫ2
(eqd − e−qd) (equ − 1 − ǫ1
1 + ǫ1
e−qu) , (12)
where ǫ1(ω) and ǫ2(ω) in general are functions of ω.
To summarize, in the most general case, from (4), (10)
and (11) we have the electroadhesive force:
F (t) = 8π2ǫ0Re∫ d2q q2φ1(q, t)φ∗2(q, t), (13)
where
φ1(q, t) = 2∫ ∞
−∞
dω
1 − ǫ1(ω)
1 + ǫ1(ω) ⋅
V (q, ω)
S(q,ω) e−iωt, (14)
φ2(q, t) = 2∫ ∞
−∞
dω
V (q, ω)
S(q,ω) e−iωt. (15)
2.2 Mean-field theory of electroadhesion
Real surfaces always have surface roughness, and the
interfacial separation u = u(x, t) will vary with the spa-
tial location x = (x, y) (see Fig. 3). When the adhesion
pad is squeezed against a rough counter surface, the pad
will deform elastically, and the are of real contact, which
determines or influences the friction force, will increase.
Here we assume that the pad can be treated as a homoge-
neous material, and we neglect the influence of the con-
ductive strips on the elastic deformation of the pad ma-
terial. This is a good approximation with respect to the
surface roughness component with wavelengths shorter
than the separation d between the conductive strips and
the pad surface. It is a good approximation for all surface
roughness components if the conductive strips are very
thin or if the strips have similar elastic properties as the
pad material. The latter is the case if the electroadhesion
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FIG. 3: Electroadhesion set-up with conducting strips located
in the surface region of the adhesive pad. The substrate has
surface roughness and the contact between the solids is in-
complete. By applying different electric potential to different
conducting strips, an electric field is generated which extends
outside the adhesive pad and can polarize the substrate and
induce an attractive force between the two solids.
pad is made from cPDMS as the conductive strips, and
PDMS as the pad material[22].
In the so-called small-slope approximation, and assum-
ing the surface roughness varies rapidly with the lateral
coordinate compared to the electric potential V (x, t), the
approach of Ref. [13, 15] can be used to average over u,
i.e., to perform an ensemble average over different realiza-
tions of the randomly rough surface. Note that the prob-
ability distribution of interfacial separations, P (p, u), de-
pends on F (t) (the attractive force F (t) pulls the sur-
faces into closer contact and hence reduce the surface
separation u(x, t)), but this can be taken into account
using the mean-field approach described in Ref. [13, 15],
and which we now briefly summarize.
In the most general case we can write V (x, t) =
V0f(x, t), where V0 is the amplitude of the applied volt-
age and f(x, t) a function which characterize how the
electric potential V (x, t) varies in space and time. Us-
ing this and (13)-(15), and averaging the electroadhesive
force over the distribution of interfacial separations, we
can write force per unit surface area as:
pa = ⟨σzz⟩ = V 20 ∫ ∞
0
P (p, u)G(p, u) (16)
where p is the (nominal) pressure squeezing the solids
together, and P (p, u) the probability distribution of in-
terfacial separation, and where G(p, u) is the force F (t)
given by (13), divided by the nominal contact area A0
and with V 20 .
In the simplest approach one include the electrostatic
attraction as a contribution to the external load. Thus
we write the effective loading pressure as
p = p0 + pa (17)
where p0 is the (external) applied pressure. Intuitively,
one expect this approach to be accurate when the in-
teraction force between the surfaces is long-range, and a
similar approach has been used for the attraction result-
ing from capillary bridges [23, 24] and also in an earlier
study of electroadhesion [13–15]. Using (16) and (17) we
have:
p = p0 + V 20 ∫
∞
0
du P (p, u)G(p, u), (18)
We can also write (18) as:
V 20 = p − p0∫ ∞0 du P (p, u)G(p, u) (19)
from which we can easily calculate V0 as a function of
the nominal contact pressure p. Thus given V0 and the
applied (external) contact pressure p0 the theory predict
the electroadhesion pressure p. Note that when V0 = 0
then p = p0 is equal to the external applied pressure p0.
In the applications in Sec. 4 we have p0 = 0.
To complete the theory we need the probability distri-
bution P (p, u). For randomly rough surfaces [25–27], for
u > 0 we have:
P (p, u) ≈ 1
A0
∫
∞
1
dζ [−A′(ζ)] 1(2πh2rms(ζ))1/2
× [exp(−(u − u1(ζ))2
2h2rms(ζ) ) + exp(−
(u + u1(ζ))2
2h2rms(ζ) )] . (20)
where A(ζ) is the (projected) contact area as a function
of the magnification ζ, and u1(ζ) is the separation be-
tween the surfaces in the area which moves out of contact
when the magnification increases from ζ to ζ + dζ (both
quantities depend on the nominal contact pressure p).
The quantity hrms(ζ) is the root-mean-square roughness
including only roughness components with the wavenum-
ber q > ζq0 i.e.
h2rms(ζ) = ∫
q>ζq0
d2q C(q), (21)
where C(q) is the surface roughness power spectrum (see
Ref. [25–27] for more details).
In robotic applications the friction force between the
adhesion pads and the counter surface is perhaps more
important than the adhesion force. However, from the
adhesion pressure p one can calculate the adhesion force
F = pA0 and, if Coulomb friction law is valid, the friction
force Ff = µF , where µ is the friction coefficient. How-
ever, Coulombs friction law is only valid if the area of real
contact A is much smaller than the nominal contact area
A0. This is the case in most applications, but if the ad-
hesion pad is made from an elastically very soft material
like PDMS, and if the surfaces involved are very smooth,
then the real contact area may be similar to the nomi-
nal contact area. In this case, assuming elastic materials
(no viscoelasticity), the friction force Ff = τfA, where the
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FIG. 4: The dependency of the electric potential on the spa-
tial coordinate x. In the experiment (see Ref. [29]) an array
of rectangular metallic strips was used, where the voltage al-
ternated between Vm = 1000 V and −1000 V. The metallic
strips had the width a = 1 mm and was separated by the dis-
tance a. The solid green line shows the electric potential in
the metallic strips and the dashed green line the approximate
variation in the potential between the strips. The red line is
the potential used in the present modeling with the amplitude
V0 = (4/3)
1/2Vm chosen so that the average of V
2(x) is the
same in both cases.
frictional shear stress τf must be determined experimen-
tally, and where contact area A is given (approximately)
by the contact mechanics theory[28]:
A
A0
= erf ( 1
2
√
G
) , (22)
where
G(ζ) = 1
8
( E(1 − ν2)p)
2
ξ (23)
where
ξ2 = 2π∫
q1
qL
dq q3C(q)
is the surface mean-square slope. Using that erf(x) ≈
2x/√π for x << 1 one can show that when the squeezing
force F = pA0 is so small that A << A0, Eq. (22) reduces
to A/A0 ≈ κp/(ξE∗) where E∗ = E/(1 − ν2) and κ =(8/π)1/2 ≈ 1.6. Thus, for small (nominal) pressures p the
area of real contact A is proportional to p; this is the
physical basis for Coulombs friction law for elastic solids.
3 Case studies
We consider three limiting cases of the theory. We first
show that the x-dependency of the applied electric po-
tential in a realistic situation can be approximated with a
cosines potential. Next we consider the case of perfectly
flat surfaces (Sec. 3.2) and the case of surface roughness
but with a step-like turn on of the electric potential at
time t = 0 (Sec. 3.3).
3.1 Electroadhesion for a cos(q0x) electric po-
tential
Electroadhesion for robotic applications usually use
a periodic array of metallic strips located close to the
adhesive pad surface. Thus in Ref. [29] Chen et al.
performed electroadhesion experiments using an array
(300 mm × 240 mm) of rectangular copper electrodes.
The metallic strips had the width a = 1 mm and was
separated by the distance a. The applied voltage alter-
nated between Vm = 1000 V and −1000 V, as indicated
by the green line in Fig. 4, which shows the dependency
of the electric potential on the spatial coordinate x. In
the figure the dashed green line is a linear interpolation
which describes approximately the variation of the elec-
tric potential between the metallic strips. This potential
can be described as a superposition of cos(qx) terms, but
here we use the potential V0cos(q0x) given by the red line
in Fig. 4. This potential has the same periodicity as the
true potential, with the amplitude V0 = (4/3)1/2Vm cho-
sen so that the average of V 2(x) is the same in both
cases.
Assume the external potential
V (x, t) = V (t)cos(q0x). (24)
In this case
V (q, ω) = V (ω) δ(qy)1
2
[δ(qx + q0) + δ(qx − q0)] , (25)
and using that
V (q, ω)V ∗(q, ω′) = V (ω)V ∗(ω′)
×[δ(qy)]2 1
4
([δ(qx + q0)]2 + [δ(qx − q0)]2)
= V (ω)V ∗(ω′) A0(4π)2 δ(qy) [δ(qx + q0) + δ(qx − q0)] ,(26)
we get
F (t) = ǫ0A0q20φ1(q0, t)φ∗2(q0, t), (27)
where
φ1(q0, t) = 2∫ ∞
−∞
dω
1 − ǫ1(ω)
1 + ǫ1(ω) ⋅
V (ω)
S(q0, ω)e
−iωt, (28)
φ2(q0, t) = 2∫ ∞
−∞
dω
V (ω)
S(q0, ω)e
−iωt. (29)
3.2 Electroadhesion for perfectly flat surfaces
Assume now that the dielectric functions ǫ1 and ǫ2 are
real and does not depend on the frequency ω. In this
case S(q,ω) = S(q) is frequency independent and we get:
φ1(q0, t) = 21 − ǫ1
1 + ǫ1
⋅
V (t)
S(q0) ,
φ2(q0, t) = 2 V (t)
S(q0) ,
and
F (t) = q204ǫ0A0 1 − ǫ11 + ǫ1 ⋅
V 2(t)
S2(q0) . (30)
Assume that we have perfectly flat surfaces (no surface
roughness). In this case u = 0 and (12) reduces to
S = 2
1 + ǫ1
( ǫ2 + ǫ1
ǫ2
eqd +
ǫ2 − ǫ1
ǫ2
e−qd) . (31)
If ǫ1 = ǫ2
S(q,ω) = 1
1 + ǫ1
eqd (32),
and
F (t) = −4ǫ0A0(ǫ21 − 1)q20e−2q0dV 2(t). (33)
This equation shows that strong electroadhesion re-
quire a large q0, and that 2q0d < 1, or d < λ0/(4π), where
λ0 = 2π/q0 is the wavelength of the applied voltage. For
example, if λ0 = 10 µm then the distance d of the con-
ducting strips to the surface of the adhesion pad should
be at most 1 µm. In reality surface roughness will also
exist, and since typically the amplitude of surface rough-
ness is of micrometer order, it is clear that in practical
applications λ0 should be at least 10 µm in order for
the electric field to extend from the adhesive pad to the
surface region of the counter material.
When optimizing an electro adhesive pad one must also
take into account that electric breakdown can occur if
the electric field strength becomes too high. The critical
electric field strength depends on the pad material, e.g.,
it is about 109 V/m for PDMS[29, 30]. When the distance
s between two metal strips (at different but fixed electric
potential) decreases, the electric field strength increases
as ≈ 1/s so the breakdown voltage will decrease as we
scale down the size of the array of conducting strips.
3.3 Electroadhesion for a step voltage
As a second example, assume that V (t) = 0 for t = 0
and V (t) = V0 for t > 0. In this case
V (ω) = 1
2πi
⋅
V0
ω + i0+
, (34)
where 0+ is an infinite small positive number. We assume
that the upper solid in Fig. 2 is a perfect insulator so that
ǫ2 a real frequency independent number. The lower solid
is assumed to have a small electric conductivity. In this
case
ǫ1(ω) = ǫo1 + iγω , (35)
where γ = 1/(ǫ0ρ) where ρ is the electric resistivity. Using
(12) we get:
2
S
= α(1 + ǫ1)
ǫ1 + β
, (36)
1 − ǫ1
1 + ǫ1
⋅
2
S
= α(1 − ǫ1)
ǫ1 + β
, (37)
where
α = 2
M −N
, (38)
β = M +N
M −N
, (39)
where
M = [(eqd + e−qd) + 1
ǫ2
(eqd − e−qd)] equ, (40)
N = [(eqd + e−qd) − 1
ǫ2
(eqd − e−qd)] e−qu. (41)
The integrals in (28) and (29) are now trivial to per-
form. Thus we have:
φ2 = αV0
2πi
∫
∞
−∞
dω
1
ω + i0+
⋅
(1 + ǫo1)ω + iγ(β + ǫo1)ω + iγ e
−iωt. (42)
Closing the integration contour in the lower half of the
complex ω-plane gives
φ2 = αV0 [(1 − e−t/τ) + µe−t/τ ] , (43)
where τ = (β + ǫo1)/γ and µ = (ǫo1 + 1)/(ǫo1 + β). Similarly
we get:
φ1 = −αV0 [(1 − e−t/τ) + µ′e−t/τ ] , (44)
where µ′ = (ǫo1 − 1)/(ǫo1 + β), and hence
F (t) = −ǫ0A0q20(αV0)2 [(1 − e−t/τ) + µe−t/τ ]
× [(1 − e−t/τ) + µ′e−t/τ ] . (45)
4 Numerical results
Let us compare the prediction of (45) with the exper-
imental results presented in Ref. [17]. Fig. 5 shows the
dependency of the electroadhesive pressure p = F (t)/A0
on time. The dashed and solid lines are the theory pre-
diction for perfectly smooth surfaces (i.e., complete con-
tact, u = 0), and for a surface with the root-mean-square
roughness hrms = 3 µm (with the power spectrum shown
in Fig. 6, pink line), respectively. The green squares
are the measured data for the polyimide pad in contact
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FIG. 5: The dependency of the electroadhesive pressure p on
time. The dashed and solid lines are the theory prediction
for perfectly smooth surfaces (i.e., complete contact, u = 0),
and for a surface with the root-mean-square roughness hrms =
3 µm (with the power spectrum shown in Fig. 6, pink line),
respectively. The green squares are the measured data for
polyimide pad in contact with a silica glass surface (from [29]).
The glass surface has the (measured) ǫo1 = 4.1 and the electric
resistivity ρ = 1011 Ωm. The pad material is assumed to
be a perfect insulator with ǫ2 = 3, and the effective Young’s
modulus E/(1−ν2) = 4.5 GPa. The adhesion pad has a period
distribution of rectangular conducting strips as described in
Fig. 4.
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FIG. 6: The surface roughness power spectra, used in the
model calculations, as a function of the wavenumber (log-log
scale).
with a silica glass surface (from [17]). The glass sur-
face has ǫo1 = 4.1 and electric resitivity ρ = 1011 Ωm.
The polyimide material is assumed to be a perfect in-
sulator with ǫ2 = 3 and the effective Young’s modulus
E/(1 − ν2) = 4.5 GPa. The adhesion pad has a periodic
distribution of rectangular conducting strips as described
in Fig. 4.
No information about the surface roughness was given
in Ref. [17] but the rms roughness hrms = 3 µm is typ-
ical for smooth polymer surfaces. To apply the theory
described in Sec. 2.2 one need the surface roughness
power spectrum and the elastic modulus of the pad ma-
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FIG. 7: The time dependency of (a) the electroadhesive pres-
sure p and (b) the average surface separation. The red, green
and blue solid lines are for surfaces with the root-mean-square
roughness 40, 20 and 10 µm with the power spectra shown in
Fig. 6. The black dashed line is the theory prediction assum-
ing the surface separation with u = 0. The substrate is as-
sumed to have ǫo1 = 4.1 and the electric resistivity ρ = 10
11 Ωm
(as typical for silica glass). The pad material is assumed to
be a perfect insulator with ǫ2 = 2.3 and the Young’s elastic
modulus E = 2 MPa (as typical for PDMS). The adhesion pad
has a period distribution of rectangular conducting strips as
described in Fig. 4.
terial, which was not given in Ref. [17]. Here we have
assumed that the surface is self-affine fractal like with
the Hurst exponent H = 0.8, which is typical for real
surfaces[31]. The effective Young’s elastic modulus we
use E/(1 − ν2) = 4.5 GPa is typical for polyimide. We
note that nearly the same result for the time dependency
of the electroadhesive force, as found above using the
full theory, result assuming the (fixed) surface separation
u = 12 µm in (45).
Polyimide has a rather high Young’s elastic modulus
(E ≈ 3.4 GPa) and is therefore not an ideal material for
adhesive pads unless both the pad surface and the sub-
strate surface are very smooth and flat. A much better
material for robotic applications is PDMS[22]. Let us
present some numerical results for this pad material.
Fig. 6 shows the surface roughness power spectra, used
in the model calculations, as a function of the wavenum-
ber (log-log scale). (The power spectra in Fig. 6 are
typical for many surfaces, see Ref. [31].)
In Fig 7(a) and (b) we show the time-dependency of
the electroadhesive pressure p, and the average surface
separation u. The blue, green and red solid lines are for
surfaces with the root-mean-square roughness 10, 20 and
40 µm, with the power spectra shown in Fig. 6. The
black dashed line in (a) is the theory prediction assum-
ing the surface separation with u = 0. The substrate
is assumed to have ǫo1 = 4.1 and the electric resistivity
ρ = 1011 Ωm (as typical for silica glass). The pad ma-
terial is assumed to be a perfect insulator with ǫ2 = 2.3
and the Young’s elastic modulus E = 2 MPa and Poisson
ratio ν = 0.5 (as typical for PDMS). Note that the elec-
troadhesive pressure drops rapidly with increasing sur-
face roughness.
5 Summary and conclusion
Soft adhesive pads based on electroadhesion are useful
tools for shape-adaptive material handling of complex
surfaces. In addition, they can be used to conform to
roughness surfaces better than their rigid counterparts.
In this paper, we have developed a general electroadhe-
sion force model, assuming an elastic electroadhesion pad
(made of two periodic arranged and coplanar conductive
electrodes embedded in a soft dielectric) and a counter
dielectric surface with a finite electrical conductivity. We
have considered the most general case where the solids
have arbitrary dielectric properties, the applied voltage
has arbitrary time-dependency, and the contact surfaces
have surface roughness.
We have considered in detail the limiting case of a
cos(q0x) electric potential. Analytic and numerical re-
sults was presented for a step-voltage (in time). The nu-
merical results was compared with the experimental data
from Ref. [17], where a polyimide electroadhesion pad
was in contact with a silica glass surface. We have also
presented a numerical results for a soft adhesive PDMS
pad in contact with a glass substrate, with an applied (in
time) step-voltage. We have varied the surface roughness
and shown that the rougher the pad surface, the smaller
the adhesive force and the quicker the adhesive pressure
response. In addition, the electroadhesion force brings
the PDMS surface closer to the substrate surface in a
dynamic way.
The model and numerical results presented in this work
have the potential to fundamentally guide the optimiza-
tion design of electroadhesion pads for various robotics
tasks such as tool fixing, crawling/climbing, intercon-
necting, perching, anchoring, and material handling ap-
plications.
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